Introduction
Cardiac sarcoidosis is a granulomatous inflammatory disease thought to be caused by a combination of immunologic, genetic, and environmental factors 1, 2 and commonly manifests as conduction abnormalities, ventricular arrhythmias, heart failure, and sudden cardiac death. 2, 3 Early detection of cardiac involvement enables initiation of immunosuppressive and/or cardiac device therapy. 4, 5 The Heart Rhythm Society consensus diagnostic guidelines for cardiac sarcoidosis recommend advanced cardiac imaging with cardiac fluorodeoxyglucose-positron emission tomography (FDG-PET) or cardiac magnetic resonance imaging. 1, 6 Fluorodeoxyglucose-positron emission tomography has been shown to be more sensitive [6] [7] [8] and can monitor response to treatment by relative change in FDG avidity of a region with active sarcoidosis, corresponding to a relative change in inflammation. 2, 9 Few reports have explored the use of cardiac FDG-PET scans to track disease progression or tailor treatment with immunosuppressive therapy. Therefore, this case series presents four patients with varying manifestations of cardiac FDG-PET confirmed cardiac sarcoidosis, three with documented post-treatment serial follow-up scans, and one with direct pathological confirmation of cardiac sarcoidosis correlating with inflammation noted on FDG-PET scanning.
Timeline Methods
The study protocol was approved by the Columbia University Irving Medical Center (CUIMC) Institutional Review Board. All patients included in this case series were seen at the CUIMC programme in cardiac electrophysiology between 2008 and 2018. All scans included in this series were performed using the standardized imaging protocol for cardiac sarcoidosis proposed by the Cardiovascular Council of the Society of Nuclear Medicine and Molecular Imaging. 10 The patients underwent an 18-24-h carbohydrates fast and were nil per os (NPO) for at least 6 h before the scan. Rest perfusion was obtained with 13N-Ammonia first. Heparin was administered intravenously 15 min prior to the FDG scan (10-50 IU/kg) unless clinically advised against. Inflammation scans were performed 90 min after 18 F-FDG injection. Briefly, interpretation of cardiac FDG-PET scans uses regional comparison of the myocardium's perfusion to its uptake of FDG 9, 11, 12 which is related to the metabolic activity of stimulated cells and disease activity. Activated macrophages that form the pathognomonic sarcoid granulomas have increased FDG uptake visible on the PET scan, quantified by the standard uptake value (SUV). 9, 13, 14 Standard uptake value greater than 2.6 with heparin or 2.3 without heparin is considered active disease. 10 Mean absolute myocardial blood flow (MBF) in mL/g/min at rest and % scarred myocardium (of total left ventricular volume) are also reported. Timing of FDG-PET scanning was performed at the discretion of the treating physician based on clinical course, including response to treatment.
Case presentation
Complete heart block (Figure 2A ).
Follow-up
Due to the higher frequency of ventricular arrhythmias and sudden death seen in cardiac sarcoidosis, as well as the need for continuous right ventricular pacing given a reduced LVEF <50%, and guidelines noting that implantable cardioverter-defibrillator (ICD) can be utilized for cardiac sarcoidosis patients (Class IIa recommendation when LVEF <35% and IIb when LVEF 36-49%), the patient's pacemaker was upgraded to a biventricular ICD. 1, 15 He was started on 60 mg of prednisone, which was not well tolerated, then initiated on methotrexate. He had three follow-up scans over the subsequent 26 months ( Table 1) . A repeat scan revealed decreased perfusion and no focal myocardial FDG uptake, consistent with no active cardiac sarcoidosis ( Figure 2B ). The third scan (off immunosuppressants) showed perfusion-metabolism mismatch, suggestive of active cardiac sarcoidosis ( Figure 2C) . A fourth scan on 20 mg prednisone revealed no active sarcoidosis ( Figure 2D ). Brain natriuretic peptide (BNP) level, which at diagnosis was elevated at 282 pg/mL (normal < 177), decreased to within the normal range (46.9 pg/mL) at last follow-up.
Patient 2
A 55-year-old man experienced three episodes of syncope before being found to be incomplete heart block on a Holter monitor. A permanent pacemaker was implanted after potential reversible causes, including Lyme disease, were excluded. His ECHO noted reduced LVEF of 20-25% in the setting of continuous right ventricular pacing. Cardiac FDG-PET scanning revealed elevated FDG uptake in the anterobasal, anterior, and inferoseptal regions in the absence of myocardial scar ( Figure 3A ) with a SUV of 3.1, LVEF of 33%, and left ventricular end diastolic volume (LVEDV) of 156 mL. Rest MBF = 0.56 mL/g/min and scar = 0%.
Follow-up
His pacemaker was upgraded to a biventricular ICD and he was started on 60 mg of prednisone with a 6-month taper. Follow-up FDG-PET at 6 months ( Figure 3B ) demonstrated normal perfusion and a smaller area of FDG uptake than the initial scan, with a decreased SUV (2.1). Rest MBF = 0.63 mL/g/min and scar = 0%. The area of FDG uptake on the follow-up scan was localized to the septum. The patient has been maintained on 5 mg prednisone with an increase in his LVEF on ECHO from 20-25% to 40% nearly 2 years after his diagnosis of cardiac sarcoidosis. Cardiac BNP, which was initially elevated at 608 pg/mL at diagnosis, was within normal range after 1 year of follow-up.
Acute decompensated heart failure and ventricular tachycardia
Patient 3
A 50-year-old man with a 5-year history of pulmonary sarcoidosis and ventricular tachycardia (VT) requiring ICD was transferred for acute shortness of breath and orthopnoea due to a new diagnosis of acute decompensated heart failure. He received dobutamine-assisted diuresis and advanced circulatory support with an intra-aortic balloon pump. An endomyocardial biopsy showed no inflammatory infiltrates or granulomas. Despite the unrevealing biopsy, cardiac FDG-PET scanning demonstrated decreased perfusion at the anteroapical, midanterior, anterolateral, and mid-inferolateral walls, with increased FDG uptake at the anteroapical, mid-anterior, apical lateral, and midlateral walls, consistent with cardiac sarcoidosis. The SUV was 5.0, rest MBF = 0.56 mL/g/min, and scar = 6%. Left ventricular ejection fraction was 20% with left ventricular dilation and akinesis of the apical anterior, apical lateral, apical inferior, and apical septal walls. Initial BNP was elevated at 2208 pg/mL.
Follow-up
The patient was started on 60 mg of prednisone and followed with seven additional PET scans over a period of nearly 4 years ( Table 2) . While his last scan revealed resolution of active inflammatory cardiac sarcoidosis, scarring was increased. He was shortly thereafter admitted for an ICD discharge, with interrogation noting monomorphic VT. An EP study revealed three different foci for VT. Endocardial ablation was performed in multiple areas of scar, but the foci were felt to be epicardial in origin, and epicardial ablation was deferred due to diffuse disease and haemodynamic instability during the procedure. He soon thereafter developed mixed cardiogenic and septic shock due to a lower extremity wound infection and died.
Patient 4
A 48-year-old man with non-ischaemic cardiomyopathy, a prior episode of VT (status post-ICD implantation), and a family history of sarcoidosis presented with near syncope and ICD shock. An EP study at his local hospital revealed low-voltage areas along the mitral annulus, tricuspid annulus, and septum, which were ablated as part of a substrate modification strategy. He was referred for cardiac FDG-PET scanning 2 weeks post-ablation, revealing decreased perfusion and increased FDG uptake in the areas of low voltage encountered during EP study mapping (SUV = 4.8, MBF = 0.59 mL/g/min, and scar = 0%). 
Follow-up
The patient was initiated on high-dose prednisone and methotrexate for immunosuppression. One month post-ablation, ICD interrogation showed no further episodes of VT. Three months post-ablation a slow taper of his steroids was initiated and he was continued on methotrexate. Ten months after the ablation the patient underwent cardiac transplantation for refractory heart failure. The case is presented because tissue pathology of the regions identified on FDG-PET (that were targeted for VT ablation) revealed multinucleated giant cells and lymphocytic infiltration, pathognomonic for sarcoidosis ( Figure 4) .
Discussion
These patients' initial presentations of heart block, heart failure, and VT represent the three most common clinical manifestations of cardiac sarcoidosis. Follow-up scans were performed for three of the Cardiac FDG-PET details the high metabolic activity of active inflammatory lesions, 11 allowing for early initiation of immunosuppressive therapy, which has been shown to halt progression of disease and improve ejection fraction and conduction abnormalities. 2, 16, 17 While extracardiac or cardiac biopsy is required to confirm the diagnosis of cardiac sarcoidosis, patients were counselled that because endomyocardial biopsy has a relatively low yield of 50% even if performed with EP or image-guided (PET) assistance, the diagnoses, though not confirmed, were highly suspect in the setting of the clinical scenario and PET findings, and we would recommend immunosuppression regardless of biopsy result. 18 Improvement in inflammation on the PET scan and other clinical measures in response to immunosuppression was heterogeneous, mirroring the literature. 1, 2, 5 For Patient 1, inflammation initially improved on immunosuppresants as noted by a decreased SUV, then increased off immunosuppresants by the third scan, and completely resolved by the fourth scan, and LVEF followed a similar trend. Patient 2 also demonstrated active sarcoidosis on a follow-up scan despite 6 months of immunosuppression. Patient 3, presenting very late with acute decompensated heart failure, manifested an increase in LVEF on FDG-PET scan (20-31%) with immunosuppression and medical therapy for congestive heart failure. However, the response to therapy was non-linear. Over 3 years of immunosuppression were required before inactive disease was achieved, a much longer time course than has previously been reported, and supports a slow steroid taper strategy in select patients. 19 The cardiac PET-FDG scans included in this series also show interesting anatomic correlations for the patients who presented with arrhythmias (i.e. heart block or VT). Patients with some degree of heart block (Patients 1 and 2) had inflammation at the anterior septum, near the AV node. Additionally, Patient 4 demonstrated a correlation between areas of inflammation on PET scan and regions with low voltage on EP study mapping, as well as on pathological examination.
Conclusion
Cardiac sarcoidosis represents a diagnostic and therapeutic challenge. The cases we reported show that the progression of disease and response to therapy is heterogeneous and that serial FDG-PET scans can be useful not only to diagnose disease but also to monitor the clinical course of disease. Thus, with the help of serial scans, treatment decisions can be informed by the presence and the quantitative level of inflammation (i.e. SUV), as opposed to relying solely on less objective measures of patients' clinical status.
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